THREE years ago experiments were begun on the physiological actions of comparatively small doses of X-rays on cats. In this work we were initially assisted by Dr. Morrison, now of the Glasgow Royal Cancer Hospital.
Numerous experiments were done to ascertain whether there were any easily recognized physiological effects subsequent to, or simultaneous with, applications of X-rays. The main things attempted in this direction were tosee whether there were alterations in blood-pressure, respiration and in the threshold of sensory nerves to stimulation. The method of testing the latter was to expose the various nerves by dissection under anesthesia, to determine the threshold stimulus and to continue such observations subsequent to exposure to X-rays.
A large number of kymographic records were made, but it was found extremely difficult to be sure that any of the effects were really due to the radiation itself. In view of these uncertainties this type of observation was suspended, without, we hope, being abandoned. We agree with other observers that the immediate effects recorded by Swann [1] are not really due to X-ray action.
The chief aim of the present experiments has been.to discover the main physiological effects which result from the exposure of the cat and rabbit to somewbat heavy doses of X-rays. N (II) EXPERIMENTAL CONDITIONS.
Types of Radiation employed.-Two groups of wave-lengths have been used, 0 one a group within the limits 0-24 to 0-2 A.U. from a Coolidge tube under induction coil impulses, giving a peak voltage of about 150 kilovolts, and the other a practically homogeneous beam of wave-length 0-16 A.U. from a metalix tube under constant tension conditions, working at 230 kilovolts. The high tension source in this case was a high tension transformer with mechanical rectification, giving practically steady voltages up to a maximum of 250 kilovolts. This apparatus was the gift of Mr. Walter Butcher, to whom we are indebted for generous support in these and other researches. A brief description of this machine is given as an Appendix.
In these experiments, whichever group of wave-lengths was used, tho general method of exposure of the animal was the same. When the animal was irradiated it was placed in a wooden box with a thin ventilated lid, and submitted to X-rays from above.
Determination of Lethal Dose.-Tbe first thing was to find the minimum dose of radiation, which would certainly, or almost certainly, kill the animal.
The following table shows how this dose was reached for the cat, Section A referring to exposures made with the coil set, and Section B to those made with the constant tension set. The doses of radiation are expressed in terms of the times Ti and T2 required to produce, with the respective X-ray units, a lethal action (in vitro) upon the cells of the Jensen Rat Sarcoma, placed at the same distance from the X-ray tube as the floor of the box containing the animal. From the figures in the table it may be concluded that a dose between 0 *45 Ti and 0 55 Ti, say 0 5 Ti, with the coil set was almost certain to kill a cat weighing about 2 kilograms, the whole animal being irradiated. With the constant tension set the corresponding dose is about 0.18 T2. The ratio of the times required to kill a cat with the coil and with the constant tension set is 0 5 Ti 2.8 Ti 0-18'12 T2 nearly three times the ratio of the times required to produce a lethal action upon the J.R.S. with the respective sets. In' the case of the cat then, considerably less radiation of the shorter wave-lengths is required to produce a lethal action than is to be expected from the relative actions of the two beams on J.R.S.
Natture of Stutdies carried out.-The cats used in these experiments were selected of weight approximately 2 kilograms. In some cases the animals were killed, so that the intermediate stages of tissue damage could be studied. In general it may be said that the minimum killing dose for a cat causes a series of physiological effects of increasing severity leading to death.
Generalized doses give rise to so many effects that one cannot say which are the most likely to cause death without experiments of an eliminating kind.
As will be seen later, the chief damaging effects have been found in-(1) certain elements of the circulating blood; (2) intestinal tract; (3) kidney and liver; (4) bone marrow.
The following types of eliminating experiment have been tried (a) Irradiation of the thorax only, the rest of the body'being screened. In this way the abdominal viscera and most of the bone-marrow were spared. The exposures were prolonged so as to subject the circulating blood to as large a quantity of radiation as when the whole animal was exposed.
(b) Screening all parts except the abdomen and giving to this part of the body the same dose as it got under the conditions of generalized radiation.
(c) Screening the animal by means of a lead belt placed so as to protect the kidneys and adrenals.
(d) Screening the animal except for the long bones, thus giving the marrow heavy doses. By such means, as will be discussed more fully below, information was obtained as to the importance of injury to various parts of the body in producing the total effect.
(III) PHYSIOLOGICAL EFFECTS FOLLOWING RADIATIONS.
Symptoms following Irradiation.--(1) Cat (severe cases). These are vague and indefinite; the animal seems little disturbed immediately after irradiation, but will not take all its food the same evening. The anorexia shows some fluctuations but usually becomes increasingly marked, and after the third day the animal usually leaves practically all its food and can only with great difficulty be persuaded to take a little milk or fish. Vomiting is not usually present and diarrheea is rare (at death the small intestine is found to be empty and the large bowel contains some solid faecal material). The skin may feel dry and stiff and the mucous membranes may be pale. There is rapid and marked loss of weight. One animal took practically no food or drink for 12 days and lost 40% of its initial weight.
Recovery may, however, occur after a period of inanition of this duration. It seems surprising that the animal can manage without fluid for so long a time; Lusk [2], however, points out, that the cat only sweats from the pads of the feet and that'the water lost thus and in the urine and breath is made up by the water resulting from the oxidation of tissue substance. In the later stages the animal is dull and quiet, walks with difficulty and tends to stagger and collapse; finally it lies semi-conscious in its cage. External haemorrhages from the mouth and nose are not uncommon. If pulmonary complications supervene the breathing may be rapid and laboured; otherwise it is slow and quiet.
(2) Rabbit.-There is no anorexia and the animal eats well, though there is slight loss of weight. In the one animal that succumbed there were no obvious symptoms till the day preceding death.
(IV) CHANGES IN THE ORGANS.
It is proposed to deal with the changes in the following organs: small intestine, stomach, large intestine, liver, kidney, spleen, respiratory tract.
As the anorexia and marked loss of weight were such outstanding features of the clinical picture in the cat, an especially detailed study was made of the changes in the alimentary canal. Alimentary Canal. -The description is based on a study of the results of the irradiation of the whole animal and on the results of the additional experiments summarized below.
No of Region exposed. Speaking generally, when the abdomen is given a dose of 0 33 Ti or less, the changes in the alimentary canal are very slight and almost wholly limited to the small intestine. When the dose is increased to 0 -45 T1 and especially if it is increased to 0 55 Ti the changes in the alimentary canal are striking and widespread. The small intestine again is most affected and is regularly involved. The stomach is involved less markedly and not invariably, the changes in the large intestine are leqs definite still, while the oesophagus is only occasionally affected.
To determine the earliest type of change, it is essential that the animal be examined immediately after death or, better still, killed with coal gas a method particularly valuable for bringing out slight congestion.
The changes observed are somewhat localized-for areas which appear normal may be contiguous with severely involved areas; this is difficult to account for but may be due in part to the way in which the coils of the intestine lay in the abdomen during the irradiation. The external changes are much less definite than the internal, as the mucous membrane is much more susceptible than the muscle coat. As a rule, too, microscopic examination reveals that the changes in the mucosa are more severe than is suspected from the naked-eye examination.
Small Intestine.-After dose of 0 33 Ti or less, the changes noted are slight. There may be slight patchy congestion, and when it is marked the region of the mucosa is usually covered with a considerable amount of muco-purulent bile.
Microscopically, parts of the mucosa show enormous amounts of mucus in both villi and glands. In some of the mucous cells, curious darkly stained bodies are present; a few dilated capillaries and some cellular infiltration may be noted. In places the tubular epithelium may be shed.
With an exposure corresponding to 0 45 Ti, or 055 T1, very severe destructive changes are observed which form a striking contrast to the slight changes just described. Changes are visible on the third day and are usually patchy, some coils escaping completely. The duodenum is fairly regularly involved, the cbange often starting sharply at the pyloro-duodenum junction. The mucous membrane is thickened and in places deeply congested. The lumen may contain a large amount of bile-stained muicus, and Peyer's patches may be enlarged and congested. The congestion does not affect the muscle coat, and externally the intestine appears normal.
Microscopically the changes found are greater than anticipated; congested areas regularly show considerable alteration in the glandular tissue of the mucosa. The dubdenum shows an excessive amount of mucus in the lining cells of the villi, cellular infiltration is present between the gland tubules: in Brunner's glands in the submucosa the nuclei may disappear. Many widely dilated capillaries are present in the mucosa. In the ileum and jejunum the lining of the villi may be normal or only show nuclear change; but the deeper glands show desquamation of the lining cells and even complete disorganization of the tubules ( fig. 1 ). Numerous polymorphonuclear cells are sometimes present. The stroma is increased in amount and preparations stained with van Gieson show that considerable fibrosis is beginning.
On the sixth to the seventh day a greater extent of the mucosa is involved. The congestion is greater; petechial hoemorrhages may be present or even patches several inches long covered with altered blood. There is much brown mucus in the lumen. In places the mucosa is rough and greyish white, or smooth and of a dead white colour.
Microscopically very extensive destruction is evident. Thus in the white patches referred to no villi are present, the mucosa is very thin and covered by a layer of cellular exudate. One specimen showed almost complete disappearance of all epithelial elements, leaving a fibro-cellular framework only (fig. 2); van Gieson preparations show extensive fibrosis. In the hoomorrhagic areas the disorganized mucosa contains many dilated capillaries and is covered by a layer of blood-clot In some of the most advanced cases (eighth to ninth day) external congestion is seen. The muscle coat is in places very limp, in others it shows heightened irritability and contracts vigorously for a long time in response to mechanical stimulation. In addition to the usual changes, the mucosa is in places green in colour, obviously necrotic and peeling off. The sub-mucosa and muscle coat in such regions are thickened and cedematous. Hlmmorrhages are sometimes found involving the whole thickness of the intestinal wall. Microscopically there is ample evidence of infection--great polymorphonuclear infiltration and numerous bacteria. The mucosa is completely absent, in places revealing either lymphoid tissue or the muscle There is intense capillary dilatation in the submucosa and the muscle coat may be hyaline.
The changes which have been described may be summarized thus: (1) Vasodilatation involving the mucosa first and spreading outwards, accompanied by exudation of fluid (cedema) and of polymorphonuclear cells and sometimnes by microscopic or macroscopic hmmorrhages. It should be noted that when the leucocytes in the circulating blood are markedly reduced following appropriate irradiation of the whole animal, polymorphonuclear invasion of the mucosa does not occur. Apart from this difference the changes in the intestine are essentially the same, whether the abdomen alone or the entire animal is irradiated, except that the lesions tend to be somewhat more severe in the latter cases, presumably owing to a lowering of the resistance; (2) destruction of the epithelial elements lining the villi and tubules; (3) proliferation of the connective tissue leading to fibrosis or (4) infection resulting in extensive necrosis.
Stomach-The changes in the stomach tend to be more marked at the pyloric end; the cardiac end may escape irradiation in cases where the abdomen alone is irradiated because of its position under the ribs, which were screened with lead. Following a dose of 0 * 33 T1 the naked-eye changes are slight; congestion is rarely obvious and macroscopically the mucous membrane may appear normal; in some instances the deeper gland cells may stain poorly, their outline may be vague, and some cellular infiltration may be present. Following a dose of 0O55 T1 naked-eye changes may be apparent on the third day, when patches of the mucosa may be deeply bile-stained. Microscopically the deeper glands of the pylorus are found in places to have lost their lining, while the cells lining the glands may be dead or desquamated. There is a degree of polymorphonuclear infiltration and some fibrosis. Evidence of infection of the damaged areas is usually lacking.
On the sixth to the eighth day considerable congestion of the pyloric end is often visible to the naked eye, and microscopically many dilated capillaries are seen in the mucosa. The changes in the mucosa are more extensive, but usually limited to the deeper parts; the superficial epithelium and ducts tend to be intact. The deeper glandular epithelium may be shed in places; elsewhere the nuclei are pyknotic and surrounded by a clear halo of non-staining cytoplasm. The thickness of the mucous membrane may be reduced. When changes are noted at the cardiac end they too tend to involve especially the deeper parts of the mucosa. The cytoplasm of the parietal cells stains progressively less well. The parietal cellsmay completely disappear when the chief cells are less involved, but in places the tubules are completely disintegrated.
In one animal (killed sixth day) the stomach showed multiple erosions (where the mucous membrane had disappeared) surrounded by a red, raised edge. In more severe cases markedhawmorrhages are present, involving the whole thickness of the gastric wall, and the stomach contains much coffee-coloured material; or parts of the mucosa may be shed and replaced by a membranous exudate.
Large lntestine.-Changes have only been noted following doses of 0 55 T;
these are much slighter than those observed in the small intestine. This may occasion surprise when one considers how closely the epithelia and glands in the two regions resemble one another. To the naked eye there is congestion of the mucosa. Microscopically the changes are of the same general nature as those in the small intestine, but milder.
Liver.-Following a dose of 0 -22 Ti the liver shows congestion and fatty infiltration of a patchy character, which is more severe and extensive after doses of 0 -45 T1 to 0 -55 Ti. Many liver cells contain fat globules, or the whole cytoplasm is replaced by fat, with the result that the affected region of the liver resembles adipose tissue.
Numerous microscopic patches of focal necrosis are present, scattered irregularly throughout the organ; here debris of the liver cells may be visible and a certain amount of cellular infiltration.
Similar changes were noted when the liver alone was irradiated and the rest of the body was screened; these changes can thus be produced directly by the X-rays, and are not necessarily secondary to changes (e.g. infection) in other parts of the body.
Following a dose of 1 1 T, extensive areas of necrosis are noted, and the surviving cells are separated from one another by considerable amounts of connective tissue.
It is worth pointing out that an animal which had a dose of 0 22 T1 and received intensive feeding with liver extract and whole liver, showed extensive necrosis round the central veins.
Kidney.-The changes are relatively slight. Following a dose of 0 * 55 T, there is some cloudy swelling of the epithelium of the coinvoluted tubules, desquamation of the lining in places or exudation into the lumina. In the medulla the loops of Henle may show some desquamation. No cellular reaction has been noted.
These changes are sometimes observed when the abdomen alone is irradiated and in the absence of infection.
Spleen.-This showed the characteristic changes described in other species by previous observers-namely, -diminution or almost complete disappearance of the lymphocytes in the Malpighian corpuscles and in the pulp, and a condensation of the fibrous tissue. There was evidence of increased phagocytosis of red cells and occasionally slight siderosis.
Respiratory Tract.-This was studied in three animals, in which the thorax was given doses of 1 9 T1, 3 -0 Ti and 3 * 5 T1 respectively. The detailed findings were as follows:
Cat No. 1, Dose 19 Ti-Killed on the twenty-seventh day. Lungs crepitant, but reddish in colour.
Sections.-The epithelium of the trachea and large bronchi is no longer ciliated columnar but cubical. There is degeneration of the alveolar walls in places with breakdown leading to an emphysematous condition. Patchy areas of hwmorrhagic and oedematous infiltration of alveolar lumina. Slight broncho-pneumonia is present.
Cat No. 2, Dose 3 0, Ti.-Killed on the twenty-fifth day. Scattered over the surface of the lungs are triangular areas of a fibrous character, slaty in colour. Adjacent to some of these are red consolidated areas about 2 mm. deep.
Sections: Alveolar walls thick from proliferation of endothelium; small areas of ha3morrhage. The appearance is suggestive of diffuse repair of old patches of necrosis. The mucous glands of bronchi are degenerate and the epithelium is desquamated. There is some peribronchial infiltration.
Cat No. 3, Dose 3 * 5 Ti.-Died on the seventh day. Both lungs deeply congested, markedly cedematous, with small and large, dark red and black consolidated patches. Trachea is patchily congested and contains frothy fluid.
Sections: Intense engorgement of lungs with haemorrhages. Small foci of inflammatory changes; congestion and degeneration of the glands.
When the lungs alone were given a dose of 0 55 T1 no definite changes were observed. The lungs are frequently the seat of secondary infection. Pulmonary abscesses and empyema are not infrequently a terminal feature in fatal cases.
Organ Changes in the Rabbit.-Though these resembled in general the changes found in the cat, certain differences were obvious.
In the stomach the naked-eye changes are greater and more regular than in the cat, and more extensive than those in the small intestine. Thus, a rabbit, in which the abdomen was given a dose of 0.33 T1 and killed on the sixth day, showed an area of deep purple congestion in the vicinity of the cardia, and there were white patches of superficial necrosis of the mucosa. The congestion was quite evident in animals killed on the third or fourth day. After a dose of 0-55 T1 the congestion may involve the whole of the interior of the stomach, and, as the stomach contents are washed out, large flakes of the dead mucosa often come away. In spite of these advanced changes, the animals took their food well, did not lose weight, and generally speaking the stools were well formed. Microscopic examination confirmed the results of naked-eye inspection, and showed extensive necrosis of the superficial parts of the mucosa. In another rabbit given a dose of 0-55 T, and killed on the third day, the glandular tissue in the pyloric region was almost completely destroyed, and the mucosa reduced to a fibrous stroma covered by a structureless membrane. There was, however, no evidence of infection.
The changes in the small intestine are of the same general nature as those in the cat, but less marked. Macroscopically, congestion of mucosa and (sometimes) of the muscle coat are the only changes observed. Speaking generally, the destruction of the epithelial elements (surface and glandular cells) is not so extensive as in the cat, though in places it is severe. Hawmorrhage is rare, and again infection was absent. The large intestine was little involved.
In the liver the changes were very slight, except when very heavy doses of radiation were given. In a rabbit which died following irradiation of the whole body with a dose of 1 -1 T1 the liver was bright yellow in colour, spongy and very friable. Almost all the hepatic cells were necrosed and the bile-duct epithelium was injured. The sections showed numerous large spaces containing debris of disintegrated liver cells and numerous anaerobic organisms. This infection was probably a terminal or even a post-mortem phenomenon. In only one animal given a dose of 0-55 T1 were definite changes noted; these consisted of slight focal necrosis, degenerative changes in the pericentral cells and superfieial hemorrhages.
The kidney was frequently involved. Small hbemorrhages, glomerularcongestion and tubular changes, e.g., desquamation of lining cells, especially in medulla, and presence of casts were noted in many cases after doses of 0 -33 T, to 0 -55 T,.
The spleen showed the usual decrease in lymphocyte content, and siderosis was a fairly regular feature.
The lungs were not affected, except in the case of a rabbit given a dose of 1-1 T1.
In this case patches of consolidation were present.
(V) THE ROLE OF INFECTION.
In many of the fatal cases in the cat the most striking post-mortem feature was the presence of infection, especially in the lungs, where pneumonia, abscesses and empyema were frequently observed; sometimes blood-culture proved positive without definite localization of the infection in any particular organ. The changes observed in the lungs are sometimes so gross that it might be thought that the rays had produced an initial necrosis on which an infection was secondarily superimposed. The view that an initial necrosis is set up in the lung is negatived by the fact that the lung is highly resistant to the action of the rays. Thus in the case of a cat in which the lungs received a dose of 1-9 Ti the structural changes noted were quite slight, and consisted mainly of breakdown of the alveolar walls in places, and some infiltration with fluid and cells. A dose of 0 -55 T1 is unlikely, therefore, to produce significant changes in the lungs. In the description of the intestinal changes, however, attention was drawn to the extensive injury of the epithelial elements, the more advanced lesions showing signs of infection. The infection seems almost certainly to be of a secondary nature, because extensive injury is frequently unaccompanied by bacterial invasion. When the whole animal is irradiated there is little evidence of tissue reaction to the local bacterial invasion. The organisms may get into the bloodstream, and owing to the altered state of the blood they proliferate and settle in the various organs, which may account for their presence in the lung.
(VI) X-RAY SICKNESS AND HISTAMINE POISONING. It has been shown by Lewis [3] and his co-workers that radiations and other agencies which injure the skin cause the liberation of histamine or of a histamine-like substance (C H" substance). It appeared possible that some of the symptoms following penetrating doses of radiation might result from the absorption of such a body in considerable amounts from skin or other tissues. A study was therefore made of the effects of injecting histamine acid-phosphate subcutaneously in various doses over a period of time. To produce any symptoms very much larger doses must be given by the subcutaneous than by the intravenous route. Thus 3 mgm. produces no obvious effects; 9 mgm. usually produces vomiting; following 18 mgm. the animal is very sick, the pupils are widely dilated, there is some narcosis and solid food is not touched for some hours. There is flushing of the mucous membrane of the nose, the conjunctivae, the ears and of the pads. When doses of 15 to 30 mgm. are given several times daily at intervals of three to four hours, a condition of chronic ill-health is gradually produced. The appetite is lost, there is rapid loss of weight, lethargy, depression and great muscular weakness, and death finally results. One animal died on the fifth day after receiving 250 mgm., another on the ninth day after receiving 640 mgm. A third animal died more rapidly, on the third day after receiving only 30 mgm.
The effects upon the blood of cats subjected to subcutaneous injections of histamine have been studied. In one case when 24 mgm. were injected at intervals, the chief change in the leucocytecount was an increase in the polymorphonuclear elements, the numbers of the lymphocytes diminishing. In another case a single injection of 30 mgm. was followed by a decline in the leucocyte count, the cat dying in 48 hours.
The detailed effects upon the blood of the cat subjected to a series of injections of 24 mgm. of histamine were as follows: Two hours followiDg the first injection the total count was 35,000 compared with a highest count during the control period of 18,000; the polymorphonuclear cells numbered 29,000 (highest control 9,000), and formed 74% of the total. Another injection was given; five hours from the start the total count was 53,000, and the polymorphonuclear cells constituted 90%. In this experiment the total count was not maintained at this high level, though the injections were repeated; it fluctuated, being lowest in the morning after the time allowed for recovery in the night, and rising again in consequence of the renewal of the injections. The polymorphonuclear percentage, however, remained high throughout. The lymphocytes tended to decrease in absolute numbers down to 1,000 to 2,000 per c.mm. The increase in the total white count might be attributed to concentration of the blood, for histamine is known to increase the permeability of capillaries and cause exudation of fluid from the plasma into the tissue spaces. This view is at once negatived by the fact that the increase is in polymorphonuclear cells and does not affect the lymphocytes. Dale [4] has found that intravenous injections of histamine produce an immediate decline in the total leucocyte count.,
The general clinical picture of histamine poisoning somewhat resembles that of X-ray sickness in so far as both lead to progressive weakness, emaciation and death. Vomiting, however, is not a feature of X-ray sickness in the cat, and the bloodchanges are quite dissimilar.
(VII) BLOOD CHANGES PRODUCED BY X-RAYS. A very extensive series of observations has been made upon the effects of the X-rays used in these experiments upon the elements of the circulating blood.
It is unnecessary to record these observations here completely; for with regard to the action of X-rays on the circulating lymphocytes and polymorphonuclear leucocytes, no important differences have beenobserved distinguishing the cat from other animals. Almost inevitably after a comparatively heavy dose of penetrating X-rays, the blood is practically free from lymphocytes, and at a later stage from polymorphonuclear leucocytes. Whether there is a subsequent return to the normal count depends upon two things. One is the magnitude of the dose of X-rays given, and the otherbthe various organs irradiated. It has been found that, while recovery from a heavy generalized dose is comparatively rarely seen, yet when certain parts of the animal are protected the recovery may be complete. These two effects are illustrated in figs. 6 and 7. Fig. 6 was very near the lethal dose for the whole animal. Fig. 7 shows the comparatively rapid return to the normal count in spite of a considerable riddance of the circulation of its leucocytes: in this case a localized dose to the thorax.-and abdomen was given. The blood observations emphasized in this paper are those upon the red cells and the platelets. When cats had been given a heavy generalized dose of X-rays which led to their death, it was found that very severe damage had been done to various parts of the alimentary tract, and in cases of this sort, blood observations were made previous to the death of the animal. A typical case is exhibited in fig. 8 , which is a record of blood-counts on a cat which had been given a dose of 0 -45 Ti. Whereas the leucocytes are practically withdrawn from the circulation, it is seen that the effect on the red cells is small except just before the end, and on the platelets even less, though this particular animal, at the time of its death, was found to be suffering from extensive lesions of the small intestine, which were the seat of bacterial invasion; yet at the time of death the platelet count was not sensibly different from what it was before the animal was X-rayed. An experimental finding like this makes it very difficult to suppose that, in the cat, the circulating blood-platelets play a controlling part in defence against bacteria.
(VIII) X-RAY ANAEMIA AND LIVER FEEDING.
An attempt was made to determine to what extent the anaimia which follows sublethal doses of irradiation to the whole animal could be controlled by the administration of liver, in view of its remarkable action in the treatment of pernicious and secondary anamia. The animals were offered half a pound of liver daily, of which a varying amount was consumed, depending on the animal's general condition. If it was not eaten, it was supplemented by the administration of a concentrated fluid extract in amounts of about ' oz. daily. Five animals were used in this study. Two were submitted to doses of 0 -05 T2 from the constant tension set and three each received a dose of 0 -22 Ti from the coil set.
In all cases a definite antmia developed, so that the liver treatment failed as a preventive measure. It had been hoped that, even should liver fail to prevent the development of anaemia, it might hasten the restoration of the blood to normal. There was no opportunity of studying this point because four of the animals died, although none received doses of radiation which were lethal to animals not receiving liver. Post-mortem examination of the four animals that died showed most extensive and multiple hamorrhages that appeared to be the immediate cause of death. Animals wbich have been given similar amounts of liver and which have not been irradiated have so far not shown this iemarkable and wholly unexpected result.
As this series of animals produced such unforeseen results a further series was undertaken. Four cats were each given a dose of 0 -07 T2 to the whole body.
Two were fed on liver diet (8 oz. of liver and i oz. of liver extract daily) whilst the remaining two were fed on normal diet (cat's meat, fish, etc.). On the twelfth day after irradiation one of the liver-fed cats refused to eat, the extract being forcibly introduced. It died on the fourteenth day. The post-mortem examination showed extensive and multiple heamorrhages. The other liver-fed cat appeared to be losing weight on the fourteenth day; it was carefully watched and observed to be suffering from melaena. It was sacrificed on the nineteenth day after irradiation. Although the post-mortem.examination did not show such a striking picture as did that of another liver-fed cat, there was indubitable evidence of hamorrhages from the intestines, more especially the large intestine. The control animals were alive and well two months after irradiation. Another cat, which was not irradiated, but was placed on the liver diet, was also alive and well eight weeks after beginning the diet.
(IX) GENERAL DISCUSSION.
When the evidence which has been presented is reviewed, it is clear that the X-rays produce degenerative changes in all the tissues which are exposed to their influence, and the change may be sufficiently severe to lead to the death of the cells. Besides these parenchymal changes in the organs, vascular reactions occur -vasodilatation, especially of the minute vessels, exudation of fluid and even haemorrhage.
The question naturally arises whether the radiations act directly on the tissues, or through the intermediary of some chemical agent which they produce. The experiments which we have carried out with histamine are opposed to the view that this substance is the responsible agent in X-ray sickness. Histamine was selected for examination because it (or something closely similar) is believed to be liberated when certain tissues are injured in other ways. We have found, however, that repeated injections of histamine, even in doses which finally prove fatal, do not give rise to the characteristic intestinal changes, and the changes in the blood differ from those seen following X-rays. It must be admitted, however, that were the X-rays to liberate histamine, it would be formed in the affected tissues, and might act differently under those conditions from the way it does when it is absorbed from the skin. At the moment, however, it seems more probable to suppose that the radiations directly disturb the metabolic processes of the cells in such a manner as may lead to their ultimate death. The view that has been expressed that the tissue damage is due to infection does not seem likely, because the destructive changes may be obvious prior to the occurrence of infection. There is marked difference in the relative sensitivity of the different organs in any one species. Thus, in the cat, the small intestine and spleen are most readily affected, the stomach and large intestine come next, then the kidney and liver. The lungs are much less vulnerable and are only directly damaged by very heavy exposure.
There are further differences in the degree of sensitivity of any one organ in a number of species. Thus, in our experience, the small intestine and the bloodforming organs appear to be definitely less vulnerable in the rabbit than in the cat.
Our work has shown that the general effects of irradiation in a species depend not only on the quantity of irradiation employed, but also on how much of the body is exposed, and particularly on which organs are subjected to radiation. In the cat the sequence of events, when a minimum lethal dose is given to the whole body, appears to be somewhat as follows:
Very extensive degenerative changes in the mucosa of the small intestine; it becomes vulnerable and is invaded by the organisms that normally reside in the bowel lumen. These organisms complete the destruction which has already been inflicted directly by the rays. The mucosa may completely slough away, leaving the deeper vessels and-lymphatics exposed to bacterial invasion. Organisms enter the blood, and at this stage B. coli may be cultured from the circulating blood. The effects produced by the bacteria depend on their number and virulence and on the power of resistance of the body. The animal is enfeeble-d by starvation, itself largely the result of the alimentary changes; it is considerably dehydrated from loss of fluid which is not wholly made good; the chemical composition of the blood appears to be altered-in our experiments there was a definite and fairly regular decrease in the plasma chloride and in some instances a slight alkalaemia. Tt is reasonable to suppose that the tissue cells may be bathed by a fluid which is not the optimum. In addition, when the whole animal is irradiated, the white cells almost completely disappear from the circulating blood, probably partly owing to a direct action of the rays on the blood-stream, and partly to a destructive action on the myeloid tissues in the bone-marrow and spleen. The resistance of the animal is almost certainly lowered, with the result that the organism settles in various organs -especially the lungs, setting up? inflammatory changes (abscess, pneumonia, empyema) which bring on the fatal issue. The damaged areas in the stomach and the large intestine offer additional avenues for infection and contribute also to the general alimentary derangement.
Cramer, Drew and Mottram [5] have drawn attention to the frequency with which infection takes place in rats given heavy doses of gamma radiation. They find that this is associated with a marked decrease in the platelet count; they appear to suggest that the thrombopenia is partly primary and that this decreases the resistance of the animal to infection, and that when bacterial invasion occurs, a further decline in the platelets takes place which is due to their being used to agglutinate the organisms. As pointed out, we have failed to notice any correlation between the blood-platelet count and the development of infective states in the cat.
The changes in the kidney are slight; those in the liver are more definite but are only severe (and involving considerable areas of liver) when the period of irradiation is prolonged. It is difficult to assess to what extent they contribute to the general clinical picture, because one must alwavs bear in mind the enormous functional reserve which is present in these organs; further, it is more important to know how much the surviving cells can do than to note the number which have been destroved.
Bearing on this point is the fact that when the liver alone is given a dose of 0 55 T2 the animal's health appears to be little disturbed. Derangements of renal and hepatic function would therefore appear to be of merely subsidiary importance.
Attempts have been made to test various functions by means of acute experiments when the symptoms are well marked. These have not been very successful because the animal readily succumbs during the administration of the ansesthetic or during the preliminary operative procedures-thus affording further proof of the general debility of the animal. In the few instances in which further observation could be made the blood-pressure was found to be low and respiration depressed ; nervous excitability did not seem much altered.
When the abdomen alone is irradiated with the minimum lethal dose the animal sometimes survives. Irradiation of the thorax, the head or the limbs with the same dose produces little general disturbance of importance; in some cases (thorax) apparently on account of the high degree of resistance of the organs, in others (bonemarrow of limbs) because other parts function vicariously and so compensate for the injuries which have been inflicted.
Very heavy irradiation of the abdomen or thorax (3 5 T1) may p)roduce enough severe local injury finally to lead to death.
In the rabbit a dose of radiation lethal for the cat produces much less severe changes in the small intestine, though considerable inflammatory and ulcerative changes may occur in the stomach. With such doses of irradiation the white count does not fall below the order of several thousand per c.mm. The state of the appetite and nutrition, it has been pointed out, also remain quite good. These features, combined with the less severe intestinal involvement, may account for the greater resistance displayed by the rabbit. In the one animal that died hepatic failure appeared, histologically, to be a decisive factor.
In a study upon the effects of gamma rays upon the tissues in animals (rat, rabbit and cat) Lazarus-Barlow [61 came to the conclusion that late or secondary changes after gamma radiation are largely hmal in origin. On the other hand, he considered that the primary changes in cells as the result of this kind of irradiation are physico-chemical. In contrasting the effects of gamma rays upon the rabbit with those seen in the rat and cat, he mentions that mucoid degeneration of cells, quite apart from the formation of goblet cells, is much less intense in rabbits. Radio-Therapy.-Inferences drawn from experimental observations on the lower animals may or may not apply to the human subject, but if they are valid in the present instance, the obvious inference is that the gravest consequences may result from heavy doses of penetrating radiation to the normal tissues. It has long been known that patients sometimes suffer severely after heavy doses of X-rays; here the issue is complicated, because the patients are not in normal health, and any disturbance set up in the body by the X-rays may well be accentuated. The general symptoms and course of X-ray sickness in man have been summarized by Sir Humphry Rolleston [7] . This form of sickness has not, we believe, been traced in any detail from its physiological beginnings, but its general features are more like than unlike what we have observed in the cat. Damage to vulnerable but healthy tissue, destruction of circulating blood-cells, hindrance to blood production by the marrow, and the onset of bacterial infection are alllikely to have the gravest consequences if they occur in a patient being treated with penetrating Xor gamma-rays. Our observations appear to show that radiation damage to fixed tissue cells is a more likely precursor to the onset of bacterial infection than is the temporary removal of a very large percentage of leucocytes in the circulating blood; the latter deficiency is soon made good if the marrow has not been badly damaged, but damage to the intestine, stomach or lung tissue is not easily made good. The striking differences in vulnerability shown by different portions of the intestinal tract of the cat are difficult to account for on purely histological grounds, and it may be that the function played by the different parts is of equal importance in determining the degree of reaction to the rays. It may be reasonable to suppose that the difference in susceptibility of the cat and rabbit is to some extent due to their widely different diets. The experiments on the liver feeding of X-rayed cats described in this paper suggest that further study of the effects of different diets during and after X-ray treatment might help in alleviating X-ray sickness and even worse conditions. (X) APPENDIX.
The constant tension X-ray unit.-This X-ray unit was built to deliver a current of 10 ma. at a constant tension of 250 kilo volts. This output is obtained by the mechanical rectification of the three-phase high tension alternating currents delivered by two identical transformer units, which are shown diagrammatically as A and B in fig. 9 . It will serve therefore to describe one of these transformer, units, say A.
The step-up oil-immersed transformer has three primary windings connected end to end and three secondary windings, which all meet in a common insulated er-IXeMstance -|5P)5r4iGaS* G Vter-estanCe. point. Three alternating currents, differing in phase by 120°, are fed into the three primary windings from a three-phase alternator, which also serves as the synchronous motor driving the mechanical rectifier. The output of the machine is determined by the strength of the currents in the primary windings, and these are controlled in two ways. The first control is a potential divider in the field circuit of the alternator, by which the output of the latter may be varied. The second is shown in the figure, and is a variable resistance placed in series with each primary winding, with a means whereby all these resistances are varied equally and simultaneously. The frequency of the alternating currents is read on a frequency meter placed in parallel with one of the primary windings, and is controlled by a variable resistance placed in the field circuit of the motor which drives the alternator.
The free ends of the secondary windings of the transformer each terminate at the sector of a special mechanical rectifier, which is the novel feature of this machine.
The rectifier has three insulated stationary sectors, and each sector is made in duplicate (vide fig. Dl, D2, D3 ), the horizontal distance between the two portions being 36 cm. There are two revolving collectors, I and E, to the rectifier, in the form of two straight metal arms placed at right angles to each other, 36 cm. apart. One arm, I, is insulated and revolves in the plane containing the three sectors, whilst the other rotates in the plane of their duplicates and is connected to earth. Only the current flowing to the insulated arm is utilized and is fed through a brush contact to the metalix X-ray tube. This disposition of the rectifier is such that the two collectors are always collecting current from different secondary windings of the transformer. The rectifier is adjusted so that the insulated collector always receives current from the secondary windings, when the maximum potential difference is being generated in them, whereas the voltage of currents picked up by the earthed arm is always comparatively low. The net result is that the wave-form of the potential generated by the machine shows a maximum variation of only 4 to 5%.
Only one-half of the X-ray unit has so far been described. Two such units, A and B, are employed to produce a steady output of 10 ma. at 250 kv. The three primary windings of one unit are placed in parallel with the three corresponding windings of the other unit, each to each. The electrical connections between the two units are such that the potential of the insulated collector arm of one rectifier is positive to that of the other. Before reaching the metalix X-ray tube the currents from the two rectifiers pass throagh water resistances which tend to eliminate surges.
The filament of the X-ray tube is fed from a 12-volt bank of large capacity secondary cells, which is very heavily insulated. The current through the tube is measured by a milliamperemeter, and the voltage operating across it is measured by means of a sphere gap in parallel with the tube, having spheres 25 cm. in diameter. A subsidiary check on the voltage operating is afforded by the readings of voltmeters placed in parallel with each of the primary windings of the transformer.
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